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TRE PROBLEM {

Dosimetry, #s & subset of research In electronagnetic (EM) biceffects,
has made such rapid progress during the last decsde that many scientific
invest igators are unawars of the present state-of-art. As 8 result, inade-
quate utilization of available technology I seen In much research currently
in progress. Such research, conducted in the absance of sound Josimetry
design, lacks credibility, This study provides a usabla orientation in
present and future dosimetric technology through a documentation of the
swift progress in this ares since 1969. The Information contained in this
report can assist researchers In making full use of the latest dosimetric

t::hniqucs and devices to quantitatively establish the existence of observed
effects.

FINDINGS

The rapid pace of rasesrch in electromagnetic absorption in blologice!
systems was stimulated by the intent of many workers to develop a quantite-
tive basis for the avaluation of bloeffects. In the Unlted Stetes, clase
coupling was establishad and maintalned among theoreticlans, empiricists,
and inscrumentation speclalists to propel basic knowledge of plane-wave
absorption from crude one-dimensional tissue anclysis to realistic computer-
derived human models. At times theory was Jeading axperiment; while at
other times exparimenta) results lead the wey. Progress in absorption and
dosimetry is still underway, and higher degrees of resolution sre needed.
The elaborate, man-sized computer models are still rather gross genarallze-
tions of the actual human, and meny of the current experimental resulls are
hased on the uss of scaled, simplified modals. The problem of near-fleld

xposure |s, moreover, just beginning to be addresed. A benaficial side
effect of the vigorous activity within the realm of EM dosimetrv has been
the advert of Improved analytice) tools such as EM conpatible temperature
probes end standardized power monitors. These tools can profitably be used
by all investigators In studying EM bioeffects and not only by those working
in dosimetry.

RECOMMENOAT | ONS

The operacional environment of Nevy combat platforms Is ane of 1initad
space crowded with apparatus and personnel. Obviously, a compromise must
be achieved as to tha exposurs of parsonnel to an entire spectrum of poten-
tia) biophysical agents, one of which Is electromagnatic (EM) radiation.
The biologlica! effects of such radlistion are not all wall estadblished, but
they are beginning to yleld to systematic laboratory analysis. The correla-
tion of these recognized effects to safety hezards in the operational
environment depands principa.'y on detelled dosimatric analysis of the
laboratory resecrch and of the onboard environment. Tha study of EM absorp-
tion and dosimetry in man t! refore serves a vital function in the evalue-
tion of stresses in and hazards to Navy personnsl. [t Is racommended Lhat
a strong progran of dosimetry be maintained within rhe Navy to daterning
the locus and level of electromagnetic absorotion in all personnel who nust
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function In proximity to rediating equipment under operational conditions.
Such a program would nor only contridute to the advancement of knowledge in
dosimetry but also provide a quantitative basis for the decision of human
safety versus platform effectiveness for EM radiation environments.
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{NTROOUCTION

Research In electromagnetic (EM) bloeffects Is truly an interdiscipli-
nary, multidisciplinary field touching a wids spectrum of professions from
sngineering to medicine. A typlical listing of EM-inducad effects includes
cantral nervous system {CNS), developmental, physiological, behaviora!, and
therapeutic effects,; however, one of the fastast developing segments of the
total effort is that of EM dosimetry and absorption. The growth of this
subset of Investigation Is clearly seen in the comparison of the number of
papers (3] that addressed these questions I the Procesdings of the 1963
Richmond Symposium with the number of such presentations [17) glven st the
1977 international Symposium at Alriie, VA, The presant raport describes
progress since 1969 Iin the quantitative study of whole-body sbsorption of
slectromagnetic snergy. Also dliscussed is the current state-of-srt In
dosimetry as well as some unanswered questions.

In the organization of this report, four me)or toplics are consldered
under sech of four discrets time frames. The four major topics to ba
considered within each pericd are: 1) philoscphical directivas or overviews
giver typically as & symposium Introductory presentation, a panel discussion,
or otherwise published in the ooen literature; 2) theoretical results that
represent progress in EN absorption and dosimetry; 3) experimentail absorp-
tlun and dosimetric rasults; and &) instrumentation, elther daveloped or
made available, with special usefuiness In sdvancing the state-of-ert.
Emphasis (s given to studies that have deait with whole-body absorption of
EM energy In free-fleld conditions or in simulated free-field conditions,

"Special attention Is als0 given to the phenomenon of EM resonance absorption

in man and other blological systems. Dlscussion has been :imited to signi-
ficant or rapresentstive examples of progress in this fleld. For sxample,
not all of the many anslyses of EN sbsorption in & spherical mode! are
cited nor are all of the various temperature probes mentionad.

The time frames correspond to certain landmarks such as mejor symposie
on EM bloeffects. They are; 1) 1969-73 which Includes the Symposium on
Slologlcal Effects and Health Implications of Wicrowave fadiation held in
Richmond, Virginia, the 1970 I1EEE Transacticns on Microwave Theory and
Technliques, Special 1ssuc on Biological Effects of Microweves, and the
International Symposium on the Biologic Effects and Health Hazards of
Microwave Radistion held In Worsaw, Poland; 2) 1974-75 which Includes the
Conference on Blologic Effects of Nonlonlzing Nadlation held in New York
and the 1975 Annual USNC/URS! meeting held in Boulder, Colorado; 3) 1976~
77 which includes the 1976 Annual USNC/URS! mewting held in Amherst, Massa-
chusetts, and the 1977 international Symposium on the Blologice!l Effects of
Electromagnetic Waves hald in Airlle, Virginla; and 4) 1978 and beyond,
within which two recantly concluded symposia are discussed, the 1973 Sympo-
sfum on Electromagnetic Flelds In 8lological Systems held In Ottawa, Canada,
and the Open Symposium on the Blological Effects of Electromagnetic Waves
held In Helsinkl, Finland. To preserve coherence in chronclogy, results
initially prasented at one of the mejor 1l1sted symposis will be Included in
the time frame containing the symposium and not In the time frame during
which the procesdings or othar publicatior. became avallable.



- .. -

it witl be shown that considerable nrogress has been mads since 1969
in EM dosimetric knowiedge through improved experimental techniques and
tools, through systematic theoretical anslyses, and In the adoption of &
consistant set of units of measure. This progress has fostered Increased
dosimetry in the description of nearly all other types of bloeffects ressarzh
such tiwat the entire disciplina fs, for the most part, unifled In terms of
Investigators providing elther measured data or at lesst an spproximation
of the absorbed radlation #s one of the independent varlabdles.

TIME ERANE 1969 - 197)

in this time psriod, there was o great reawskening In the ares of
slectromagnetic (spacifically microwave) blological wffects. A number of
years had passed since the last Tri-Sarvice Program conference (62, 67);
public and governmenta) concern was growing with ragard to the health
hazards of nonionizing radiation, particularly In light of the disperity
betwaen the U.S. and Russian exposure standard (10 sd/cmd end 10 W/em?,
raspretivaly) and In reaction tu Soviet and Eastern Europesn resesarch
reports which ware in disagreement with concluslons of the Tri-Service
Program. In essence, the time was ripe for a vigorous pursult of & compre-
hensive program In this area. .

PHILOSOPHI CAL OVERVIEW

At the time of the Richmond Symposium In 1969, a general tone of
uncertalinty was evident In the remarks of a number of participants (19,
27). Results from the Soviet literature ind‘':ating bloeffects of electro-
magnetic radlation (EMR) ot thermelly insignificant levels were pondered
and were conciderad to be sufficient evidence to werrent further work in
thie country. The demarcation detwaen thermal effocts and nonthermal
effeacts wes discussed from a numbder of viewpoints as were the possible
cumulative effects of nonlonizing radlation, but no solid consensus existed
among the participants slong these lines, and an obvious vold existed
between the requirements of administering the newly enacted Radlation
Control for Health and Safaty Act of | and the quantitative sclentific
know!edge neaded to support those requirements.

Fortunately, an attitude of cooparstion In an internstional sense was
nurtured by mutual efforts by both Western and Eastern scientists to
resolve certain disparitias that existed in philosophy, methedologles, and
rasults. A monumen? to this program of mutual ccoperation was the 137}
Yarsew Symoosium attended by sclantists from (welve natlons. In the oub-
lishad proceed'ngs of this symposium are listed a number of conclusions and
racommendatons that reflect a representative cross-section of the philosophy
of EN bloaffects as It existed In 1973 (4). Amonp the recommendations
amanating from the Warsaw Symposium were calls fo' more intarnationsl
coordination of research on the biologl: effects of microwave redlation and
a call for further studlies Into such areas 48 low-level and cunylative
affacts, callular effacts, and dosimatric, spatial analysis of EA absorption.
3y the end of 1973, it was apparent that some of the barriars to interna-
tional couperation In blosffscts, specifically those saparating the Eastern
and Wantern countries, ware being broken down.

2



THEORETICAL RESULTS

At the ent of the 1960's the theorsticai predictions of En absorption
by biological systems was linited to & simple slab mode! and the absorption
cross-section studies of Anne (3) who used Mie's (63} solution for EM
scrttering by o sphere. Thase theorsticeal basas were inadequate in severs!
areas. For Instance, the stab mode! of a blologicel system predicted only
8 sirplistic surface sbsorption that was deemed biologically unimportant
for frequenclies above 3000 MHz (71), and the scattering cross-section
arelysis did not explicitly quantify the tota! average snergy absorption of
the spherical modei, it was soon to be theoretically shown for curved
bodies with physiologica! propartias that the Internal EM absorption for

cartain wavelengths was much highar then that predicted by the simple slab
mode! (k6). ' :

in later studies of the overal! average energy absorption by the
physiological sphera, & broad, frequency dependent, absorption peak was
predicted by the Mie solution (65). A study of ¢ head-sized spherical
mode! showed Intcrnal concentrations of absorbad enargy (72), end many
theoretical and expsrimental studles of the head sbsorption prodlem were
inftiated after these results were publishad. One Important asrly result
in theoretical dosimetry was by Lin snd coworkers who studlied a spharicel
mode! of man irragiated by a plane weve (57). Although man Is obviously
not » physiological spheare, this study wes the first to extrapolate oversil
absorption values to & man model for frequencies bstwean | and 20 MMz,
Notwithstending the |imitations In frequancy and in the assumed wodel, that
paper (57) served as the sterting point for rwny extrapolation studies.

EXPERIMENTAL RESULTS

Very few exparimental) dosimetric results existed before 1969, and the
stats~of~art in this area was rather crude et the time of the Richmond
Sympoe 'um, The uneven nature of microwave-induced heating was studlied by
Pozos srd coworksrs, using weter or water-basec loads and mescury thermom-
eters (69). Baille ot al. used a mechanically driven thermocouple needle
to plot tne microwave dTssipation within & dog's eye and within va:lous eve
modsls (9). A notable early experiment was performed by Justesen and King
(83). the average wholo-body temparature rise of various phantom mdels was
used to quantify the “absorbed dose' of microwave energy., All Investigators

wers eventualiy urged to Incorporate some description of the ‘‘sbsorbed

dose'’ first proposed and used by Justesen and King.

Later, arother powsrful tool, the thermographic imaging system, was
introduced into the ares of EM dosimetry. Guy used this method to study
the snergy distribution in tissue-aquivalent phantom moterials (38). These
ertificial tissues simulated living material in term: of electrical proper-
tiss for the range of frequenc, veing considered, ond use of the tharmcgra-
phic Imaging system permitted the simultaneous twordimengional snalysis of
the amount and distribution of the abscrbad microwave energy. This initial
publication by Guy and a companion paper by Ho, Guy, and others claarly
showed the differentis! heating patterns caused by dirferent wavelengths
+d by various microwave applicators for simulated Tat/muscle confligurations
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(38, 43). In & loter, very comprehensive, psper by Johnson and Guy (46),
the initial tharmographic results were reviewed, and thermographic evidence
wads uied to shcw undasirabie features of using matallic electrodes in
Irrediated preparations. The presence of such metal electrodes was seen to
cause large amounts of heating In nearby tissue. Introduction of ralatively
simple phantom materials and use of thermograms were major advancements in
sxperimental dosimetry, and a rapld development of this field followsd.

INSTRUMENTAT ION DEVELOPMENT

The development of measuring squipment particularly sulted for EM
bioeffects studies was under way before 1969. Carpuchettes discussed
several micronave leakage measuring devices at the 1969 Richmond Symposium
(28). wacker (75) and Bowman 915) presented studies of the theoretical and
practical aspects of measuring hazardous microwave fialds (78). The Narde
8100 seriss electromagnetic radiation survey meter was introduced by Aslan
in 1970, and this instrument is still In use today typically s & microwave
leakage detector (5, 6). A Nerda broadband, isotropic powsr monitur useful
from 0.3 to 18 GHMz was introudced by Aslan in (972 (7). Another isotroplc
nicrowave powar density meter developed at the Nationsl Buresu of Standards
(NBS) was described by Bowman in 1973 (16). Unllike the commerclally avail-
eble Narde probas, (he NBS units were produced on a very small scale with
limited avallabllity. The early develiopment of these probes In the Unlted
States permittsd a high degree of stendardization in the Incident fleld
paramaters of subsequent EM bloeffacts studles.

SUMMARY

This period (1969-1973) was a time of consciidetion of thought [n the
United Statss concerning EM hazards and It was & time when 3 consliderable
emount of groumdwork was echieved in atsorption and dosimetry. These
initial accomplishments psved the way for & more rapld rats of progress In
this eres.

TINE FRANE 1974 - 1975

Ouring this tima Interval of only two vaars, the volume of research on
the biolnglc effects of nonlonizing radlation wes substantially larger then
that undertaken during the previous time frame of 5 years. Two major
raetings on the toplic were held In the United itetes during 1974 and 1975;
they ware sponsored by the New York Academy of Sclences and by the United
States Mational Comaiitse of the International Union of Radio Science,
respectively. Certaln amounts of structure and of differentiation in the
ovarall field of electromaegnetic bloaffacts avolved during these years.
Typically, expariments! work bacame classified under rich cotagories as
behavioral, sensory, and devaloumental; moraover, £M dos'metry was also
elavated to the status of & major subdivision of the fleld., The two con-
ferancas had & tota: of twarty=-twd presentations on dosimetry that were
eventually published, and many of the citations to be listed In this sac-
tion are to be found In the publicstions resulting from these confarancaes.



PHILOSOPHICAL OVERVIEW

The general philosophy presented during this period concerned admoni-
tions to continue the good work alzeady started and established the impor-
tence of dosimetric analysis in all EM bloeffects sxperiments (50). Tyler
acknowledged the progress in the area of electromagnetic flald measurements
and stated that ''the prospects for nonlonizing radlation research vere
never more promising . . . ' (74). Guy stressed the nesd to establish o
quantitative data base for the evaluation of EM hazards. Me also listed
the standardization of techniques for free-space E-and H-field measuremants
:nd fo;};?sorbcd power dansity determinations in tissue as high-priority

tems .

The increasing emphasis on dosimetric snalysis was seen in severa!
pepers published In 1975. Johnson steted that all biceffects studias
should include either direct measurements of the EM absorption of & subject
or complate infornation as to the external fleld configuration such that
the internal EM absorption could be approximated using extrapoiation teche
niques that were {and still are) being developed (48). Precision in dosi-
metric terminology and sgresment on usege becams a subject of Vively
interest. Such terms as “‘absorbed power density,' ''absorbed snargy dose,”
or "'microwave dose rate'’ were gradually replaced by specific absorption
rate (SAR) In watts per kilogram as the accepted parameter of EM absorption
(40, Sb, 73). Use of specific absorption rate Is fraught with several
problems, as pointed nut by Justesen; nevertheless, Its use lg, by now,
nearly universal.

THEORETICAL RESULTS

During this period, theoretical work under the heading of absorpt'on
and dusimetry can be classified Into three categories: 1) analysis using
stenderd shapes such as spheres and cylinders, 2) andlysis of the prolate
spheroid, and 3) analysit of & more-or-less human shaped model. Representa-
tive papers of theoretical work Lsing tha spherical mede! include ons by
Vell (77) snalyzing a multilayered sphare and anothar by Kritikos end
Schwan (56) depicting the heating potential in lossy spherss. Theoretica!l
analysis of an irradiated, loyered cylindrical model with Irrsgular cross-
section was glven by Ho (4k). Theoretical dosimetry using the prolate
spherold mode! was Initiated at the University of Utah. The Utah mode!
represented an Improvemsat ovar spherical models, but the mathematical
techniques Involvad in prolate spherold analysis limited the fraquency
rarge to wavelengths that were long as compared to the size of the i-redlated
modei1. For the man-sized modal, the highest frequency for which the results
were valld was about 30 MHz (29, 49). The studies clearly showed that both
orlentation and fraquency wera major fact =3 of EM absorption in this
fraquency range. The total averags absorption In the man-slzed mods) was
sgen to rise sharply with frequency and was highest when the long axis of
the spheroid was paralle! to the incldent electric fleld. Pravious Mie
solutions of spharical models had shown & similar frequency deperdence at
long wavelangths; moreovar, the Mie theory pradictad the existence of »
frequency of maximum avarage absorption by the physiological sphere (46).
This so-called resonant fraquency of adrorption was being observed exper!-
mentally In various laboratories (3ee nect section); therefore, & more
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refined mathematical technique calied '‘the extended boundary condition
method'' (EBCM) was used at the University of Utah to theoretically show the
existance of such o peak in the prolate spheroid model (10). Becsuse of
several weaknesses in the inftipl EBCM solutions, only s qualitative corra-
spondence could be applied to the man-sized spherold as to SAR st resonance,
but the validity of the prolate spheroid mode! became firnly established In
terms of extrapolation to actual! animals such as man, primates, end rodents.

. Work from Michigan State University was presented Ia 1375 showl

absorption In g simple block model of man Irrediated by & plane wave (21).
The tensor inteqral equation method wes used to show EM absorption for
frequencies up to 500 MMz, The usefulnass of the initia!) block mode! of
man was rather limitod, but a resonant absorption fraquency wes cbierved
for the mode) st approximataly the same place that the EBCM predicted
resonance.

By cthe end of 1975, emphasis was noticably shifting toward the study
of man-related models ard away from anslyses of isolated spheres and cylin-
ders. Theoretical dosimetry, In a short time, had become an Important part
of blioeffects ressarch, and the practice of sxtrapoliating absorption para-
meters from a glven mode! to an actual living system (s still widespread.

EXPERIMENTAL RESULTS

in sarly 1974, experimanta) dosimetry was tralling theorsticel work,
Sut the order was reversad by the and of 1975. The effucts of orientation
and frequency on EM absorption were first observed In rats and rat models
where alignment of the rat's long axis with the incideat electric fleld (E-
orientation) shuwad the strongest average absorption for csrtain frequencies.
Ph!1lips and coworkers found differencas In absorption based on the typs of
3ystem used, either cavity irradistion or free-space Irradiation (68).

Sandhi's Initiel pudblication on orientation end absorption gave the
powar absorbed versus frequency for thrse orthogonal orientations of the
subject in & stripline irradiation systan (33). A peak EW absorption for
E-orientaton was seen at & wavelength of approximately twice that of the
subject's } axis. Absorption papks ware a)so seer for tha othar two
orientations (H-orientation and K-orlantation), but the mignitude of these
peaks was only about a tenth of that for £-orientation. Thess lowar peaks
both occurrad at higher frequencies than those observed for the E-orientation
absorpzion peak. Although Gandhi's initlal paper dealt axclusively with
rats and rat models 2nd although its mejor resulits were of a qua'itative
natura, the couiridution rapresented & significant advance In the unde-stand-
ing of EM ahsorption in whale-body systems. From that papsr (33), valuable
Informatior coulsd ba diractly applled to the EN hazard prodblem such as the
worst-case ‘requency and orfontation for human sxposure.

in 8 sarias of later papers, Gandhl and coworkers presented more
experimentsl avidence rejarding the nature of resonance EM abseurption in
man and animals (34 = 36). It was shown that the worst-case resonant
absorption frequency for the average human was about 70 MHz In the absance
of ground-plane effects. For a grounded subdject, the resonsnt frequency
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was half the original velus. Average worst-case sbsorption for a 10 mW/cm?
incident power density was determined to be slightly over 2 W/kg for the
average person. A disturbing feature in Gandhi's data wes the very high
neck heating observed in the figurine models. A specific absorption rate
of 60 W/kg was predicted for the neck in » full-sized human at resonence
with @ 10 md/ incident level. For the grounded worst-case s'tuation,

the ankl! regions were the regions of strongest absorptior {15-17 W/kg at
10 mi/en®)

Prior to this time, experimental dosimetric work had been started by
the Alr Force at tha School of Asrozpace Medicine, Brooks Air Force Base,
Texas. Some of the initial results were raported at the New York Academy
of Science naeting (1). A notable sarly contribution was seen in 8 papar
by Allen and coworkers (2) In which they presented ezperimental verification
of the theoretical workx with a prolate spheroid. They used a large perallel-
plate transnission system capable of irradiating live monkey subjects at
frequancies up to 50 MMz. |t was experimentally deduced that changing the
shoulder orlentation of the monkeys (elther sids-to-side or front-to-back
with respect to wave propagation) produced significant differences In
average absorption. This deduction caused soms emphasis to be removed from
the prolate spheroid mode! and placad on en elilpsoide) model of man for
more reallstic theoretical results. In this Instance, experimental results
were leading the way for theoraticsl work.

Most of the results mentioned In this gection were to be modiflad to
some extant Iin ensuing years, but the basic features of the humen-~related
absorption parameters established during this time frame are intact todav.
Although the initial Indications of neck heating appear to have besn t30
high, total sbserption for an avarege person In worst-case free-fleld
conditions at apprgulnot-ly 80 M Is stil} estimeted to be between 2 and

INSTRUMENTATION DEVELOPMINT

Three notable davelopments Ir instrumertation surfaced during the
years of 137% and 1975. First, a temoerature probe usable in a microwave
envirorment was daveloped at the University of Utah (47, 58, 70). This
device consisted of & Vlquid crysta!l senso” combined with an optical fiber
comaunication 1ink such that no conductive material was incorporated into
the measuring element, rototypes of this temperaturs probe ware used in
savaral laboratorias throughout tha Unlced States with relatively good
success, and the device is now commercially available. Another instrument
using an optical tranwmission link was & mintature, lsotroplc fleld probe
developed during this pariod at the Burcau of Radiological Health {12, 2W),
The first version of the proba was ussble from ahout 1 to 10 glgahertz and
could be Iimplanted In elther ras! or simulated tissue to redsure internal
fialds. Whila initially vary promising, the probss, unfortunately, have
not been fabricated in a quantity to make them commercially avallavie at
this time. Modifications and improvements to *he basic design of the

devica have been mada, and work |3 under way to attompt comvarcial production,

A third instrumentation devalopment came from Narda In the form of an
Isotroplc, low-frequency, H-fiald radlation monlitor with an orthogonal lcop
array that was useful from 10 to 300 rHz (8),

7
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SUMMARY

it Is sasily Inferred from looking at tha advances in knowledge of
Just the dosimetric aspects of EM bloerfetts ressarch thet greet strides
had been made dur'ng these two years (1974-1975). The art ied progressed
from knowledge of only spherical absorption to a knowledge of the bdasic
featuras of EM aLsorption in man. A major task remeined in getting others
in the fisld to utidize the dosimetric tools that had been provided and to
standardize the uss of dosimetry in other typas of irradlation experiments,

TINE FRAME 1976 - 1477

During these years, the study of electromagnetic bloeffects grew to be
8 significant branch of scientific endeavor as shown at two mejor sclientific
meetings. First was the 1976 Annual Meeting of USNC,/URSI, which convened
October 11-15 In Amhberst on the cempus of the University of Messachusetts.
Second was the 1977 International Symposium on the Blological Effects of
Electromagnetic Waves, which was held October 30-November & at Alriile,
Virginia. The schedules of both of these meetings were full, and the
sttendance was heavy; more than three huidred persons attended the Alrile
Symposium. More coorparat!on appeared to be evident between East end Vest
during this perlod. American sclentists in EM bloeffects visited Soviet
research laboratories, and a number of Russian and fast Curopean scientists
attendad the 1977 symposium.

PHILOSOPHICAL OVERVIEW

Ay viewad by leaders in the fleld, the area or EM bloeffects was
advencing steadily, but It was feared that continued support of research
might not be maintained by various agencles of the U.S. Government (55).
These leaders pointed with pride to accomplishmants of recent years In EN
dogsimetry, therapeutic hyperthermia, and In greatar understanding of the
microwave-haaring effact. In his keynote address to the 1977 International
0loeffacts Synposium, C.C. Johnson listed many of the cont:lbutions In this
ares sttained through interdisciplinasy and Internstional cooperstion (51).
Unfortunately, the sclentific community was t0 lose the guiding force of
C.C. Johnson soon after the 1977 meating, for he wes stricken with cancar
and tled eavly in 1978,

A new feature with raspect to the study of EN bloaffacts wes devel-
oping during this perfod. It was the publication of information on M
bioaffacts by journalists In the news media a3d popular press (18).

Public policy makers became concarned, and research dats, especially results
indicating affects, ware given a high degres of public visibility. Soms
resaarchers were ashed to Intarpret scleatiflc data and to provide conclu-
slons that could be readily undsratocd by the public. This. forced atterot

to premgturealy draw broad conclusions from Insdeguate date led tu differing
opinions from reputabla scientists and to some polarization among researchars.
It was obvious that much of this pubtic debate could have been preventod |f
all the pubiished biological axperimants dad haen dona with adsquate dosimstry,
and this fact provided a stimulus In theorstizal_and experimental dosimetry
to develop practical nethods and axperimental suldelines that could bae
raadily applied by al! scieantists to enhanc@ the validity of thelr results.
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THELRETICAL RESULTS

Expans!ions of Fnowledge in theoretical EM abscrption and dosimetry
continued unabated during this perlod. The initial work in calculating
absorption in a prolate spheroid bloiogical mudu! for long wavelengths was
expanded Into a handbnok which was widely gistributed (45, 52). The
handdook geve the whoie~-body a/srage SAR to be expected in meny models,
ranging from Insect _.pae to man, for frequencins delow resonance. Llong-
wavalength thaoret'cal soluticons were also found far ER edsorpticn in an
ellipsoidal madel of san (39 - 61), &nd progress wes reported In using the
extended boundary condition method (ncnf to predict absorption !n spharoida)
mcdals at frequencles of resenance sbsorption (11).

Theorotical studles of EN absorption in realistic men models also
showed sligniflicant progress. The original block model of & men used by
Chen ard cowu-kars ot Michipan State Univarsity (2C, 21, 23) wes made more
realistic, and the published results (22) showed & good correspondence to
exper iments: dosimety result. obtained primarily In Gandhi‘'s laboratory.
Also during this time, theoretical work on & realiscic men model wes starced
et the University of Utah, Tho moment method of ansiysis was used on &
highly real .stic moda:, and ar Initia) raport (A2) showed consistancy with
:;;;rtunul results, with the dosimetry handbook (4S), and with Chen’s work

During unis period, the thecreticul study of EN absorption and dosimetry,
for the must part, caught up with the progress that expe imental studles
had drought. Probably the most significant davelopment was the Introduction
of the Radiofrequency Radiation Dosimstry Handbook (45). Even though this
tirst edition was rattar limited in the spactra of frequencies used, the
nandbook reprasented @ neaded flirst step !n unifying and sollidifying the
use of dosimetric analysis in all EN bloaffects expariments.

EXPERINMENTAL RESULTS

In 1975 and 1977, the numbar of contributions in experimental EN
dosimctry was not a3y lerge as during the previous two years. Important
results wire obtained. yet the overall volume of activity seemad to uecline.
Gandh! and coworkers pursued the study of absorption In anineis and in
Figurine mcdels of man to show how the presence of ground plenes and
reflactors affactad ths overall absorption plcture (37). Gandhi's data
shuwed that considerable erhancemant in EM absorption takes place when the
subject |3 aither conductivaly grounded or I3 In the vicinity of large,
conducting reflactors. This anhancemsent of absorption over the free-space
situation ranged from a factor of %wo for a simple grounded subjact to &
factor of more than ten for a subject located near a corner reflector.

. Chou 2nd Guy usad & cavity lrradiation system and a thermographlic
camrra to thow absorpticen patterns In scaled modals of men for frequencles
sbove resonanca {25). At 138 wHz specific absurption retes as high as 18
d/:q wara shown to occur (n lozallzed regions of the body for exposurses at
16 md/cm?.  Tha neck, ankles, and wrists wers ssan to be aress of hioh
absorptior at 198 MHz. At frecuencies above rasonence, the total avarage
$AR was reduced, but their data showed locallzed rescnances at freqguencies
2b0ve whole-body rasonance.
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At ths 1977 internationa! bloeffocts symposium, 0)sen presented dosi-
metric results obtained In o full-sized phantom mode! of s men (AS). In
this full-slzad model! Irradiated in the far zone at 1.29 GNz, absorption
was shown to be assentially a front-surface effect. The averags tota!
abeorption calculated for the man-phantom was 0.31 W/kg for 10 sh/caf , and
this value agreed well with theoretical predictions presented at the
seme sympos lum.

Perhaps the single most important contridution of experimental dos-
imetry during this period was the finding of locellized resonances in varlous
parts nf the bodyz where the thermal burden of Irradiation couid be dangerous
aven at 10 mi/em‘ incldent Intansities. These findings prompted the serious
consideration of the 10 mi/c safety standard by sclentists In this sres,
sspecially thote who wers also mambars of the American Natlons! Standards
Institute (ANS!) ccomittee charged with the evalustion of the valldity of
thet safety standard.

INSTRUWIENTATION OEVELOPED

The development of Instrumentation specifically designed for use (n
the lrradiation of biological systems or models continued at & rapid pace
In 1976 and 1977. The miniature Implantadle fleld probe, praviously
aoted, was further developud (13). Bowman reported the development of a
unique temperature probe Lhat had conduct!ve yet highly resistive leads
(17). 8y the end of 1377, it was announced that this temperature prode wes
cormerclally avaltablae.

Other temparaturs probes were presented at the 1977 latarnst!ional
symposlum, Among these were & gallum arsinide/optical fider device intro-
duced by Christansen (26), and an Inexpansive nonmetailic thermocouple
probe descrihed by Qlsen and Mollna (64). Oeficis and Priov also intro-
duced a nonperturbing tamperature probe in 1977, based on optical reflection
from 8 volume of dlelectric meterial (31).

Progress was made In other aress using existing technology. Accurats
whole-body absorption measurements ware reported by Blacimen and Bleck
using a Dewar-flask calorimater (18); twin-weli and gradient-layer calori-
maters ware also ussd In this application. A nmnmetallic sisctrode systom
for recording EEC and £0G was Introduced by Flanigan and cowsrkers (32).

The various tvpes and souries of instrumentation developad during this
pericd show that mech affort was baing expendcd to place EM bloaffacts
research on 8 firm quantitative baasls with respect to the smount of absorbed
anergy usad In experiments.

SUMMARY

The advancas in EM dloeffects dosimatry during this neriod {1976 - 1977)
provided much of the technological groumwork on which to bulld & quantits-
tive dats base that any Investigator could easily use. This prograss was
vary timely considaring the rise of p:iblic scrutiny In the flald that
demande careful attantion to research dasign and methods.

— e ————— e i .



TIME FRANE 1978 and BEYOND

- Progress in tha dosimetry of Irradiated binlogical systems is steadily
advancing. Dcsimetric tools avallable today are much more sophisticated
than thay were five years 8go, and there i3 reason to expact that future
progress in the area will outstrip that sesn since 1969. Two major sympos's
in EM bDloeffects were hald during 1978; the first was the 1978 Symposium on
Electromagnatic Flalds In Biologicel Systems held In Ottawa, Canada on June
27-30, and the second meeting was the Open Symposium on the Bliologicsl
Effeacts of Electromagnetic Vaves he'd at tha XiX Genaral Assembly of the
international Union of Radio Scisnce In Melsinkl, Finland on August 1-8,
Much of the material to be prasented (n this section concerning ths current
status and future direction of ressarch in EM absorption and dosimetry was
obtained directly from the participants of these two symposir

PHILOSOPHI CAL OVERVIEW AND OQUTLOOK

A now soclety was formed in 1978 to mesl the needs of the expanding
ared of EM bloeffects ressarch. The new group called ltself The Bicelectro-
magnetics Society, and Initial response to it has been positive. One
function of the new soclety wil! obviously ba the orderly dispansation of

philosophical guidance w0 organize, unify, and stimulats progregs in the
ares.

Of growing Intarest ot this time Is the valldity of the 10 mi/cm?
safety standarc at or nesr the whole-body resonant frequeacy for men.
Another evaluation of the safsty standerd by ANS! Is to be complated in
1979, and the dosimetric results obtained over the past few years will play
an important role in this process.

THEORETICAL RESULTS AND EXPECTATIONS

The secund edition of the Radlofrequency Radlation Dosimetry Handbook
was avallablo by the time of the Gttaws symposium (30). The new edition |3
nuch more comprshensive than the original handbook. It covers frequencles
up to 100 GHz for most prolate spheroid modsis. Also glven are dats
regarding metabolic rates of man and animals along with heat-responze
calculations. An empirical formula i3 presented slong with Ingtructions as
to Its use that «:iows calculation of the sversge EM absorption for biolo-
glcal models of given senimejor and semiminor sxes dimensions, It s
sxpected that large use will be mads of the revised dosimatry handbook.

The future direction of the handbook project Is towards the study of near-
field conditions. /‘ . :

Theoretica! techniques for calculating EM absorption in reallstic
man models have bean undergoing modification. Whereas past studlies have
discrate blocks in the models, limitations In computing hardware have ™
rediracted future work toward using solids of revolution or borizontal
slab/siica models for highar frequency anslysis. Work in this ares should
produce rasults of theoretical man-model absorptf?ﬁ\q{ up to 2450 Mz [a

ths near future. \\\\<l:f_
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EXPERIMENTAL RESULTS AND EXPECTATIONS

Erperimental work currently under way considers such things as measured
effects of head resonance in the rat and some discrepsnclies with the prolate ,
spheroid analysis. Measuremants Indicate an ovaral) svergge SAR of 3.6 '
W/kg at 10 mW/cm? at the resonant sbsorption freguency (b1); whareas, the
current handbook (30) values show less than 3 W/kg for a similar prolate
spherold. Yet another consideraticn with respect to the hazards of absorp-
tion is that measurements have been made in small, homogeneous models that
do rot Incorporate any Incarnsl structures. It cou'd be that the presence
of bones ur aof other tissue structurss within the actual man would produce
more axaggerated constrictions in reality than are now modeled. It is
krown that constrictions In cross-section tend to produce arcas of high EM
sbsorption, and a worst-case condition might exist that has not been appro-
priately modaled yet. For reasons such as these, future studles of the
full-sized man model at the Nava! Aarospace Medical Research Ladoratory
wl1]l incorporate simylated bones within the mode! in order to model EM

absorption as closely as possible, espacially In the areas of known hot
spote.

in the area of €M sbsorption thermography, the resolution and gual'ty
of obtainable date are increasing. 1t Is currently possible to show the
IM-induced haating of such small structures as an Insect's leg (66); in the
future morw magnification wiil become avallable such that small, Irradiated
blood vessels can be thermally imaged In vivo, and parheps single Viving
calls can be resolved. Micruscople, thermographic analysis is noeded in
support of tumor-hyparthermia studies and of Interaciion mechanism ressarch,
Much of the €N absorption work teing conducted now on tha macroscopic
whole-body scale will be conductad on the microscopic scale when the measure-
mant tools are sufficliently refired. '

IRSTRUMENTATION AVAILABILITY, NOMW AMD PROJECTED

There ara currently avallable to researchers & wide veriety of dosi-
metric instruments with which to pursue quantitative snelysis. Ffor whola-
body absorption measurements thers are now gradient layer calorimetsrs as
wall as Dewar-flask units. At least two nonparturbing temperature probas,
the tiquid crystal optical fiber probe and tha four-lesd high resistance
device, are commercially avallabla, MNarda Microwave Company recently
Introduced an lsotroplc, broadband powsr monitor usadle to 26 Gz,

Siated for cormmercial production, but not vat widely avellable, are
the minlature, J-axls, Implantable fleld probe daveioped at the Bureau of
kadiological Health and the tiny semiconductor/optic fiber temparature
probe developed at the University of Utah. Other naw devices and/or
" techniques are in varicus staqges of planning or development such thet the
harizon is full of prospective instruments, As long as strong emphasis I
naintalned on the acquisition uf quantitative data for al) EN blioeffacty
studies, the development of more and betcer Instrumants will be assurad.



CONCLUS | ONS /RECUMMENDAT | ONS

Since 1969, steady progress in EM dosimetry has been accomplished in
many aress. In the review of literature It was repesated'y seen that
philosophy, theory, experiment, and spparatus were clossly coupled. The
rapid expansion of knowledge In this ares Is & tribute to the system of
communication and cooperation that hes evolved in bloeffects rasearch.
Dosimetry and the knowledge of EM absorption have edvanced principally

because of the emphasis that was placed on the quantitative aspects of
expariments! results. '

Ruch still remgins to be studlied in this tield, for most of the tabu-
lated dosimetric results are still given in generalized terms, such as
“total average SAR' fcr a given situation or In other terms llke ''neck SARY
and “ankle SAR." Terms such as thase are of only 1imited usefulnass because
""total averags SAR'' gives no information as to possible concentrations of
energy deposition in the body, and "neck SAR" gives no Informat'on as to
possible zoncentrations of absorption In the various tlssues comprising the
neck. It is seen that a much higher resolution of the absarption plcture
Is needed to edequately quantify the absorption of lrradiation. To provide
the Improved resolution, realistic adult and child sized models should be
used in large tranwmission systems or in Irradlation chembers. The phantoms
should Incorporate many diffarsnt tissues and structures, possibdly Including
muscle, fat, bone, internal organs, and cavities. Dosimetric data for
frequencies of whole body resonance and higher should be obtained from o
number of locations throughout known reglons of high EM absorption (36). The
number of locations measured should ba such that Intervals no larger than
one-half of the tissue wavelangth are meintained throughout the three-
dimensional reglon of Intesrest.

The conditlions that have been shown to significantly Incresse EM
sbsorption should be closely studied. Conducting ground planes and certaln
reflector plates are quito common in practical situations, end high-rasolu-
tion dosimetric data should be obtained using grounded modals and using
reflector-type irrsdiation systems.

As the use of elr tromegnetic energy continues to grow In such areas
as alectronic warfare cancar therapy, the solar powar setelllite, atc.,
our knowledge of the dlolegical effects of nonlonizing rediaticn must also
grow to provide a sound rationale for envioramental and parsonal protsction
and to simultansously utilize such radiation to its meximum possible banafit.
Tha outlook for future benefits based on expanded knewladge Is bright, The
rate of future successes, howaver, depends upon the continued high-leval of
communication and cooperation that has bean established.
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